An atmospheric plasma jet (APPJ, 27.17 MHz, Ar with 1% HMDSO) has been studied for the deposition of thin silicon-organic films. Jet geometries are attractive for local surface treatment or for conformal covering of 3D forms, e.g. inner walls of wells, trenches or cavities, because they are not confined by electrodes and their dimensions can be varied from several centimetres down to the sub-millimetre region. Deposition experiments have been performed on flat polymer and glass samples with a deposition rate of 0.25-23 nm s −1 . The knowledge of the static deposition profile of the plasma source (footprint) is essential to allow for a controlled deposition with the source moving relative to the substrate. By adjusting the plasma parameters (RF power and gas flow) to the geometry (i.e. electrode configuration, tube diameter, relative tube position, substrate distance) the footprint can be shaped from a ring form reflecting the tube dimension to a parabolic profile. Next to the conventional stochastic mode of operation we observe a characteristic locked mode-reported here for the first time for an RF-APPJ which can improve the film deposition process distinctively. The experimental results of the local film distribution agree well with an analytical model of the deposition kinetics. The film properties have been evaluated (profilometry, XPS, FT-IR spectroscopy and SEM) for different deposition conditions and substrate distance. The FT-IR spectra demonstrate dominating SiO absorption bands, thus providing an indication for the prevailing (inorganic) SiO x character of the films. HMDSO molecules disintegrate to a sufficient degree as proved by the absence of CH 2 absorption in the spectra. XPS measurements confirm the local dependence with a slightly increased organic character a few millimetres away from the maximum in the deposition profile. The substrate distance and the source direction both seem relevant and require consideration during coating of 3D objects.
Introduction
Thin silicon-organic films have found applications as functional coatings, e.g. to enhance the barrier properties of polymers against gases or liquids or they can improve the corrosion resistance of surfaces. Compared with other nonequilibrium, atmospheric pressure plasmas, jet geometries offer the advantage that the treated surfaces are not placed between the electrodes [1] . Thus, the sample surface resides in a quasi-field free region. Moreover, the jet dimension can be varied from several centimetres down to the submillimetre region thus allowing for local surface treatment or for conformal covering of 3D forms, e.g. the inner walls of wells, trenches or cavities. Numerous devices with varying design and operating at different frequencies have been developed by several groups. They are listed in a recent compilation [2] .
Here, a non-thermal, RF capillary jet at 27.12 MHz is studied, which is operated with argon and small admixtures (1%) hexamethyldisiloxane (HMDSO, (CH 3 )SiOSi(CH 3 ) 3 ) providing the precursor for the PE-CVD process. The temperature load of substrates of a similar source during treatment has been determined earlier and ranges between 35 and 95
• C [3] , allowing the exposure to temperature sensitive materials, e.g. polymers, web or paper. The VUV radiation (115-200 nm) of the plasma source was quantified for Ar/N 2 mixtures in air and the optical emission between 200 and 400 nm has been described [4, 5] .
Applications related to surface treatment involve the treatment of foils to improve printability, surface cleaning, reduction of microorganisms and protective coatings [1] [2] [3] [4] [5] [6] .
For the latter, the knowledge of the static deposition profile of the plasma source (footprint) is the key to a controlled deposition with the source moving relative to the substrate [7] .
This study is devoted to the experimental examination of the deposition profile in stationary conditions and the comparison with an analytical deposition model.
Experimental

Jet geometry
The design of the jet (figure 1(a)) features two outer copper ring electrodes (width 5 mm, distance 4 mm) attached to the outer quartz capillary (d out = 6 mm, d in = 4 mm). The upper electrode is capacitively coupled to the RF generator (27.12 MHz) over a matching network. The lower electrode is connected to the ground potential. The thin film precursor is fed to the source via a centre quartz capillary whose length is adjustable with respect to the nozzle. The design ensures that the HMDSO-containing gas mixture is introduced downstream of the discharge. Thus, the precursor decomposition is controlled and the film deposition inside the tube arrangement is reduced. The small quantity of reactive thin film producing agent allows the diameter of the inner capillary to be kept sufficiently small as to tolerate an undisturbed development of discharge filaments alongside the inner wall of the outer tube.
Deposition conditions
Deposition experiments have been carried out using an RF generator DTG2710 (Dressler) with typical RF powers from 4 to 40 W (generator output). The gas flow (outer channel) varied between 0.8 and 20 slm argon (Linde, 5.0 purity). The quantity of HMDSO (liquid at standard conditions, Merck, 99% purity) is dosed with a liquid flow meter (µ-Flow E-7110-BB (Bronkhorst)) to 1 g h −1 and fed to the inner capillary together with a quantity of argon (max. 2 slm). Flat samples on a non-grounded support plate are coated with the jet pointing perpendicular to the sample at distances between 1 and 6 mm. All experiments have been carried out at normal laboratory environmental conditions (20
• C, 40% humidity). The optical emission of the plasma was monitored with a spectroscope having a diode array detector (TransSpec DSP MC-UV/NIR, 1 nm spectral resolution).
Samples of two different materials served as substrates during deposition: glass and polycarbonate. Moreover, a limited number of experiments have been performed on flat potassium bromide (KBr) samples to provide a better contrast between film and sample material for surface analysis.
The microscopic structure of the coatings was evaluated by means of a scanning electron microscope ((SEM), JEOL, JSM-5800LV). The height profile of the deposit was measured with a surface profiler (Veeco, DEKTAK 3ST). Scanning x-ray photoelectron spectroscopy (XPS, Kratos analytical Axis Ultra) and Fourier transform infrared absorption (FT-IR) spectroscopy (Perkin Elmer, Spectrum One microscope) provided space resolved information on the film, thus giving a map of its chemical composition over the footprint area.
Discharge modes
Monitoring the discharge in a short exposure time (1-100 ms) reveals that the plasma of the APPJ described here is characterized by the stochastic appearance of chaotic discharge filaments that evolve predominantly in the axial direction alongside the wall of the capillary. This stochastic mode can easily be found under most situations, in particular, under highly turbulent gas flow conditions and with higher RF power, where branching of filaments also occurs and a perceptible flat spreading of the footprint of the plasma can be observed ( figure 1(b) ). Nevertheless, the quick motion of these filaments creates the illusion of a homogeneous plasma jet.
However, the homogeneous appearance of the jet can be improved significantly if the RF power and the flow rate are reduced (in our case to 5 W and to 0.8 slm, respectively). Under these conditions, a quasi-laminar flow is established and a controlled number of equidistant filaments develop which form fixed discrete patterns ( figure 1(c) ). In our set-up, conditions could be adjusted such that a number of one to six filaments are formed. The patterns can be either stationary or rotating. The stationary state deteriorates by a small increase in the RF power, starting with a slight fluctuation of the filament position before a rotational motion of the filaments starts. We labelled this effect the locked mode owing to the equidistance, regularity and velocity synchronization of the filaments. The locked mode of a pattern of four filaments seemed most appropriate for the deposition experiments and was used throughout this investigation.
Time averaged, this mode looks like a cylindrical, homogeneous plasma without a filament structure. The existence of discharge filaments is demonstrated in figure 2 . The periodicity in time becomes visible, when the root-meansquare error (RMSE) of the repeatedly measured intensity of light is plotted over the integration time. Every data point in figures 2(b) and (c) represents 20 consecutive measurements. A minimum of RMSE is achieved if the integration time is equal to iT /N, where T is the period of the pattern rotation, N the number of filaments and i a natural number. For this time frame, the intensity fluctuations between consecutive measurements are minimized. A periodicity of T /4 = 23 ms corresponding to the travel time of each filament is recognizable which results in a constant circumferential speed of 133 mm s −1 . The homogeneity of the discharge is enhanced and lateral and radial fluctuations of the plasma parameters are diminished. Thus, the deposited films excel by higher symmetry and homogeneity, compared with the deposition in the stochastic mode.
Analytical model
A well-tried deposition model [8, 9] is applied to calculate the film deposition from a flowing system at the sample surface. It is assumed that HMDSO molecules are activated inside the plasma and film formation is carried by the activated precursor species. These species are referred to here as radicals, not distinguishing between neutral radicals and ions. In the case of HMDSO, the deposition is promoted by one precursor molecule (CH 3 )SiOSi(CH 3 ) 2 (mass number 147) created as an ion or a neutral radical. Reaction (1) exemplifies the production of the precursor ion by dissociative electron impact. The ion constitutes the most abundant fragment as confirmed by mass spectrometry [10] :
Hence, the monomer and radical concentration (M = M(x, y, z) and R = R(x, y, z)) can be described according to balance equations (2) and (3), respectively. The deposition rate is ds/dt then given by equation (4):
The denotation of the symbols is as follows: z the axial distance, v = v(x, y) the gas flow velocity, with x and y the radial distance in rectangular coordinates, h the substrate distance, D 1 , D 2 the diffusion coefficients, k the rate coefficient of radical formation, n the concentration of the activating collision partner, τ the lifetime of the radicals, m the mass of the radical, ρ the density of the film and s the film thickness. The origin of the coordinates is at the centre of the tip of the outer quartz tube. Rectangular coordinates were chosen to allow treatment of flows with non-cylindrical symmetries. In this case, gas flow, diffusion and transport are assumed to obey the radial symmetry. D 1 (2.30 × 10 −6 m 2 s −1 ) is determined by cλ/3, with the mean thermal velocity c and the mean free path λ of the monomer molecules. D 2 (2.39 × 10 −6 m 2 s −1 ) is obtained from the ambipolar diffusion coefficient µ i U e where µ i denotes the ion mobility and U e the volt equivalent of the electron energy. Here, a value of 1 V is supposed. The lifetime τ is estimated to be 3.3 × 10 −2 s −2 . The film density ρ is assumed to be 1 × 10 3 kg m −3 . A parabolic velocity profile is specified according to the laminar dynamic of the gas flow:
Here, r is the inner radius of the capillary and v 0 the flow velocity at the centre. The solution of equations (2)- (4) leads to the following expression for the deposition rate:
Here, M 0 is the monomer concentration at the gas input and the transport coefficients 1 and 2 are written as Equation (6) constitutes a function of three spatial coordinates (x, y, z) and allows us to formulate the deposition rate as a projection in the general surface. However, the model represents a simplified flow situation as it does not consider the change in flow dynamic due to the interaction of the substrate with the gas flow along the surface. Similarly, the present model does not consider expansion of the jet flow below the tube nozzle. For the present situation (low flow, short distance from nozzle (origin) to substrate) this simplification seems appropriate and is supported by the experimental observations.
Results and discussion
Static deposition profile and film morphology
The SEM analysis of the surface reveals a high structural homogeneity of the coating. No spherical grains have been observed as structural disturbance in the film, thus indicating that no spatial aggregation is apparent during the deposition ( figure 3(a) ).
A typical static deposition footprint received with the locked mode is plotted in figures 3(b) and (c). A twodimensional diagram is shown in figure 3 (b) and a height profile through the diameter of the footprint in figure 3(c) . The ring shape visible at deposition conditions with distance h = 6 mm reflects the capillary dimension and transforms into a parabolic profile peaking at the centre at higher h.
Model results
The topographical structure of the footprint calculated from the model is well consistent with the experimental findings. The model results shown in figure 4 reflect the measured shape of the profile. The radius duplicates the size of the capillary. The profile exhibits a central well inside an annular maximum (a). Increasing the substrate distance leads to a shrinking radius of the annular maximum towards a deposition profile with a centred maximum (b). This is in congruence with the profilometric measurements, where the inner well vanishes at higher substrate distances.
The behaviour of the model can be discussed with the help of equation (6) . The difference in exponential terms causes the existence of a maximum in the axial dependence of the deposition rate at each radial position (x, y). It results from the different values of the transport coefficients 1 and 2 for axial propagation of the precursor and of its radical, respectively. A maximum deposition rate requires a maximum of the radical concentration R. However, the concentration R is controlled by the source concentration M of the precursor. The balance of both depends on the propagation properties (diffusion constants D 1,2 , production coefficient kn and recombination rate 1/τ ) of the species which differ. Moreover, the time relevant constants are modulated by the drift velocity. Therefore, the diffusive decay is stretching over a longer z interval as without any flow. Looking at the radial dependences, a synchronous maximum of M and R in the gas flow regime leads to a maximal deposition rate far from the nozzle in the jet axis. According to the parabolic profile of the gas velocity (figure 4 right), this maximum is found at the nozzle margin for smaller z distances.
The velocity profile is the critical factor of the footprint shape in this model. The increasing gas velocity causes a displacement of the maximal deposition rate relative to the outlet of the nozzle. At laminar flow conditions, a higher flow produces a sharper profile. Another essential parameter in the model is the product of rate coefficient k and the concentration n (electron concentration in the case of collisions with electrons). As both have not been determined experimentally, only a reasonable estimate can be given here, merely to put the model in perspective with the experimental findings. The comparison with the observed deposition rate would require a value of kn ≈ 1 s −1 for the conditions in figure 3 and z = 6 mm. However, the significance of the absolute size of kn here should not be overvalued, due to the various simplifications made in the model. Although the ring shaped excitation indicates that kn shows a radial dependence, this is not implemented in the model. Moreover, the model does not consider radial transport processes that cause dilution of the precursor concentration in the axial flow. A sticking coefficient of 1 is assumed. The interaction of the flow with the substrate is not described in the model. The turbulence induced at the surface can result in differing deposition rates and profiles.
Effect of external plasma parameters on the deposition rate
The limited range of existence of the locked mode does not allow for a steady variation of external plasma parameters. Hence, systematic experiments were mostly carried out in the stochastic mode.
Nevertheless, the analysis of deposition rates in the stochastic mode provides information on the deposition and facilitates the comparison with the locked APPJ.
Experimental deposition rates obtained from the maximum values of the profile and from the integrated profile show a proportional dependence on RF power P and on the reciprocal value of the argon flow Q Ar ( figure 5 ). Values between 8 and 23 nm s −1 are obtained in stochastic mode. Higher rates are achieved with higher HMDSO admixtures. However, the film quality decreases, microscopic grains are incorporated in 
Chemical analysis of deposited films
A typical FT-IR spectrum obtained at the ring area of the footprint ( figure 3(b) ) is plotted in figure 6(b) . The film shown here was deposited on KBr substrate in order to exclude the influence of organic bonds originating from the substrate material. The peaks found in the spectrum are listed in table 1 together with the respective chemical groups according to [11] [12] [13] [14] [15] . The analysis reveals that the dominant peaks in the spectra are derived from Si-containing molecules, the inorganic quartz-like SiO x being the most prominent compound in the ring area. This can be concluded from the exact position of the SiO band from which the stoichiometry of the SiO x films is derived [11] . A linear regression of the literature values [11, 12] leads to a stoichiometry of our films of x = 1.85 for the peak position of 1060 cm −1 (see figure 6(a) ). The area of the footprint was scanned with the FT-IR microscope, producing a two-dimensional map of the chemical constitution of the coatings. The scan shows a perfectly round symmetry of the footprint as confirmed in figure 7 . Here, different absorption bands and ratios are plotted. The ratio of the SiO x bands in the region 1005-1070 cm −1 versus the region 940-1005 cm −1 can serve as a measure for the portion of oxygen-rich (SiO x with 1 x 2, quartz-like) inorganic film to oxygen-poor (plasmapolymer, silicon elastomer-like) film with 0 x < 1 and is labelled as SiO 2 /SiO ( figure 7(a) ). The total absorption of SiO x bands in the region 1070-940 cm −1 ( figure 7(b) ) shows a spot profile similar to profilometry ( figure 3(b) ) and the ratio SiO 2 /SiO. The thickest area of the footprint consists of an inorganic quartz-like film forming a ring with 5 mm diameter.
There is a slightly higher abundance of organic polymer compounds in the small spot centre as compared with the surrounding ring area. However, the overall film quality tends to inorganic SiO x as confirmed by the spectra. Traces of CH 2 /CH 3 stretch vibrations which would be expected for organic plasma polymer films are negligible. Likewise, signals from Si-CH 3 (1273 cm −1 ) are completely missing. This peak is apparent in spectra of the raw material and in silicon-organic plasmapolymer films. Its absence is a further proof of severe HMDSO fragmentation during deposition. The CH 2 signal (figure 7(c)) originates from the polycarbonate substrate, as the film itself contains no CH 2 groups. Thus, the measured CH 2 absorption reflects the variation of the film thickness: the thicker the film, the higher the attenuation of the signal. The profile of CH 2 absorption supports the conception of the ring form of the plasma spot and can be understood as a negative to the SiO x image ( figure 7(b) ).
Minor signals of OH absorption bands are present in the FT-IR spectrum. Moreover, a small number of silanol (SiOH) groups are found incorporated in the film. The fact that the absorption is distributed rather evenly over the footprint ( figure 7(d) ) could be an indication that probable water contamination at the surface is the main absorption source. The silanol signal is proportional to the film thickness and would hence produce a central well comparable to figures 7(a) and (b).
Furthermore, the footprint was analysed with scanning XPS by measuring the radial dependence from the centre to the outer region (20 mm away). The XPS atom percentage has been calculated according to the measured peak areas for each element present in the spectrum, considering their respective sensitivity factors.
The Si 2p peak was measured with high resolution on the energy scale, thus allowing a fit of 4 peaks representative of the different coordination numbers (1 to 4) of Si into the measured peak. The ratio of these peaks can be considered as a measure of the inorganic versus organic character of the film. The inorganic character of the film increases with the coordination number; number 4 is related to SiO 2 . Two highly resolved Si 2p peaks are presented in figure 8 . One was obtained in the spot centre ( figure 8(b) ) and one at a 5 mm radius, at the position of the ring ( figure 8(a) ). In both fits, Si(-O) and Si(-O 2 ) constitute only small parts of the peak. Hence, the spectra express the high degree of the inorganic film based on a well cross-linked SiO x structure which is dominating throughout the centre cross-section of 10 mm with only a slightly lower inorganic character directly at the centre spot. This is in complete agreement with FT-IR and also demonstrated in figure 9 , where the radial dependence including the outer border region over a 40 mm diameter is shown. In figure 9 (a), the fit components of the high resolved Si 2p peak have been separated into two parts. An inorganic part includes the sum of Si-O bonds characterized by the coordination numbers 4 and 3. An organic part is defined as the sum of Si-O bonds characterized by numbers 2 and 1. The comparison of both parts over the radial profile reveals a constant maximum of the inorganic character in the ring area, whereas the organic character increases at the border region, out of the ring area.
The inner region exhibits a constant Si/O ratio of nearly 0.5 which would comply with SiO 2 , as indicated in figure 9 (b) by the dotted line. Moreover, the radial dependence of N/C is plotted in figure 9 (b), which shows a sharp increase in nitrogen starting 10 mm from the centre. This is a clear indication of an increasing incorporation of N from ambient air in the coating. This process starts at a radius five times larger then the jet capillary. Overall, the results from the XPS analysis are qualitatively well consistent with the FT-IR results. Minor differences in the radial dependence are related to the larger absorption length of FT-IR which leads to a correlation with the film thickness. XPS signals, on the other hand, are derived from the topmost surface layer of typically 6-10 nm exclusively. Another discrepancy between the two methods is related to the O/Si stoichiometry. The ratio calculated from FT-IR (1.85) is smaller than the value of 2.17 obtained with XPS. One possible source for the differing relative oxygen content could be the presence of water in the film, because FT-IR other than XPS resolves both oxygen bound to silicon and oxygen bound in water. If the aforementioned methodological disproportion of different analytical depths of the two methods is neglected and similar elemental distribution over the film and surface is assumed, then the difference in the oxygen content can be used to estimate a value for the hydrogen content of the film. This estimation represents the lower limit, as only the part of hydrogen bound in water is considered. By following this procedure, a value of 16% can be assumed for the hydrogen content under our conditions.
The XPS atom percentage is the relative atomic composition without hydrogen content, because the measuring principle of XPS does not allow the measurement of hydrogen. The resulting XPS atom percentage from two radial scans is shown in figure 10 . One ( figure 10(a) ) has been obtained with the discharge in the stochastic mode during deposition, the other ( figure 10(b) ) in the locked mode.
The figure allows comparison of the central part of the coatings of 6 mm radius, including the range of the ring area with maximal deposition rate. It becomes obvious from figure 10 that the APPJ in the locked mode results in far more constant element ratios over the deposition profile compared with the stochastic mode. An O/Si ratio of approximately 2 is achieved. Moreover, significantly less carbon is present in the surface with the deposition in the locked mode. Therefore, the film exhibits a less polymer nature.
Conclusion
The knowledge of the static deposition profile of the plasma source (footprint) is essential for dynamic thin film deposition with relative movement of the plasma source and the substrate, and in particular, for the controlled deposition of conformal films or the deposition of locally structured films.
The results obtained here demonstrate a consistency for all methods: the experimental findings, the model results as well as the surface analysis.
The experimental and model results indicate that the footprint formation is decisively influenced by the radial velocity profile of the plasma jet.
Two modes of operation are observed: the conventional stochastic mode and a characteristic locked mode which leads to improved film properties. Namely, an increased symmetry and even lateral expansion of the footprint was found, a better degree of HMDSO fragmentation was achieved and an improvement in the chemical properties towards a quartz-like film could be observed.
The general collective behaviour of the filaments is described by means of optical emission spectroscopy.
Deposition rates between (0.25±0.02) and (23±2) nm s −1
were obtained. The local dependence of the chemical constitution (FT-IR) and the composition (XPS) reveals that the footprint is constituted of three general regions: (i) the centre region which is characterized by the local minimum of the film thickness.
(ii) The ring area characterized by the highest deposition rate and by a mix of 90% with inorganic nature (SiO 2 -like) and 10% organic polymer character. That central area of 5 mm radius shows a constant SiO x ratio with x = 1.85. HMDSO molecules disintegrate to a sufficient degree as proved by the absence of CH 2 and SiCH 3 absorption in the spectra. (iii) The outer boundary ring area with a rapid decrease in the film thickness and silicon and oxygen concentrations and increase in the carbon concentration. The chemical composition changes towards a more organic nature (plasma polymer film).
Region (i) is a relatively small spot with a diameter of up to 1 mm. Both regions (i) and (ii) are less influenced by the surrounding air. The transition from (ii) to (iii) is identified by a sharp increase in nitrogen incorporation in the coating which appears 10 mm from the center of the footprint. This radius is five times longer then the radius of the jet capillary.
The large conservation of the deposition symmetry and the high grade of glass properties are the most important advantages of film deposition with the discharge operation in the locked mode.
The substrate distance and source direction both seem relevant and require consideration during the coating of 3D objects.
